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The  purpose  of  this  reaeaocoh  was  to  establish  an  optical  range 
and  use  It  to  study  atinospherlc  attenviatlon  of  laser  radiation.  Initial 
testing  was  done  with  a HeNe  laiser.  Follow-on  testing)  which  Is  being 
planned  by  the  Air  Force  Avionics  laboratory)  will  be  conducted  with 
various  other  laiserS)  Including  a GO^  laser.  A delay  was  encountered 
awaiting  safety  approval  for  the  project)  and  experimentation  time  was 
United  to  the  last  four  weeks  at  the  end  of  the  period  available  for 
research.  For  this  reason  the  amount  of  experimental  data  Is  United. 
Fortunately)  during  the  time  which  was  available  for  testing  a large 
varleiy  of  weather  conditions  could  be  observed)  and  useful  Information 
could  be  extracted  from  the  data. 

I am  very  grateful  to  my  thesis  advisor)  Hsijor  Bruce  Pierce)  for 
all  the  help  and  encouragement  he  gave  me  throughout  the  project. 

Without  his  help  the  project  could  not  have  been  completed.  lb  the 
technicians  In  the  physics  department)  whose  assistance  I required  on 
numerous  occasions)  I owe  my  thanks.  In  addition)  I want  to  thank  ny 
sponsor)  Mr.  Vince  ChemlUS)  for  the  exceller.t  technical  advise  and 
material  support  which  he  provided. 

Finally)  I owe  the  most  to  ny  wife)  Susan)  for  her  endless 
encouragement)  understanding ) and  love. 
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Abstract 

Atmospheric  attenuation  of  a low-power  HeNe  laser  beam  was  examined 
both  theoretically  and  experimentally.  Experimental  results  were  limited • 
but  useful  Information  cotild  be  extracted  from  the  data.  Close  agreement 
was  found  between  experimental  results  and  theoretical  predictions  based 
on  Interpolation  between  aerosol  coefficients  given  by  McGlatchey  and 
Selby. 

The  effects  of  atmospheric  turbulence  upon  laser  propagation  were 
also  exaJDlned.  An  attempt  was  made  to  minimize  the  effect  turbulence 
hzid  upon  test  resxilts»  so  that  atmospheric  attenuation  covild  be  studied 
Independently.  The  conclusion  of  a theoretical  study  was  that  this  covild 
be  accomplished  by  using  a receiver  several  times  larger  than  the  beam 
size  at  the  target.  The  prediction  proved  true  during  test  runs. 

The  experimentation  was  conducted  over  a 1.23  kilometer  course, 
using  a 2 milliwatt  HeNe  laser  as  the  transmitter,  and  a 12  Inch  spherical 
mirror  as  the  receiver.  Tests  were  conducted  under  visibility  conditions 
ranging  from  2 kilometers  to  18  kilometers. 


ATMOSPHEEIC  ATlENUATrON  OF 
HeNe  lASER  RADIATION 

I.  Introduction 

Low  powered  lasers  are  used  "by  the  Air  Force  as  sources  of 


Illumination  In  targeting  systems.  Utilizing  this  laser-gxildance. 


under  optimum  conditions  weapons  can  be  delivered  with  extreme 
accurapy.  Experience  hcis  shown,  however,  that  the  effective  range 
of  such  weapons  Is  strongly  dependent  upon  weather  conditions  and 
the  '^p>e  of  laser  In  iise.  Bad  weather,  in  peortlcular  low  visibility, 
can  make  certain  of  these  systems  unusable.  Other  lasers,  such  as 
the  CO2  laeer,  may  be  little  affected  by  reduced  visibility. 

Because  the  amoimt  of  atmospheric  attenuation  varies  by  laser  type, 
the  need  exists  to  study  several  lasers  vmder  a variety  of  well- 
documented  weather  conditions.  A l2iser  range,  to  be  utilized  for  that 
purpose,  was  established  at  Wright  I^tterson  AFB,  Ohio.  Final  results 
firom  experiments  conducted  on  the  range  may  be  of  significant  value  In 
the  selection  of  suitable  lasers  for  future  targeting  systems.  In 
addition,  knowledge  of  the  atmospheric  limitations  of  a specific  laser 
system,  will  be  of  great  Importance  during  operational  planning 
Involving  utilization  of  that  system. 

Establishment  of  the  laser  range  and  Its  Initial  operation  are  the 
subjects  of  this  report.  Itelng  existing  equipment  and  facilities, 
developmental  planning  suid  first  stage  operation  of  the  range  was 
accomplished.  A general  diagram  of  the  laser  range  follows  In  Figure  1. 
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As  Is  noted  in  the  dlagranii  the  optical  path  extended  over  a 1.2 
Idlometer  path  from  the  tower  of  Building  620  -lo  the  penthouse  of 
Building  22B.  Ihe  original  plan  Weis  to  begin  testing  with  a GO^  laser. 
Unfortiuiateiy,  the  COg  laser,  which  was  to  be  used,  was  broken  during 
shljanent.  Also,  It  became  apparent  that  a long  delay  would  be 
encountered  awaiting  safety  approval  for  the  use  of  a CO^  laser. 

For  these  reasons,  the  decision  was  made  to  use  a HeNe  laser  during 
Initial  range  operation.  The  HeNe  laser  was  chosen  because  of  its 
availability,  safety,  and  ease  of  operation.  This  laser  is  not  a 
candidate  for  use  in  future  targeting  systems,  but  it  will  be  used  in 
later  tests  for  alignment  purposes  and  as  a reference  of  atmospheric 
attenuation  In  the  visible  portion  of  the  spectrum.  Ihe  GOg  laser 
will  be  the  first  strong  candidate  for  use  in  a laser-guidance  weapon 
system  which  will  undergo  follow-on  testing. 

Prior  to  actml  testing,  several  procedural  steps  of  a local 
nature  had  to  be  accomplished,  ilie  first  step  was  to  attain  safety 
approval  for  conduct  of  the  experiment.  Simillar  approvals  will  be 
required  for  all  future  tests  on  the  range.  For  that  reason  a portion 
of  the  safety  studies  for  the  HeNe  laser  and  follow-on  GO^  lasers  are 
included  in  this  repoirt.  IMs  information  may  be  found  in  Appendices 
A,  B,  and  C. 

Much  of  the  initial  work  in  setting  up  the  range  involved  selection 
and  testing  of  equipment.  The  individual  pieces  of  equipment  are 
described  in  Ghapter  III  of  this  report.  Experimental  arrangement  and 
operation  of  the  equipment  are  the  subjects  of  Ghapter  IV. 

In  Chapter  II,  atmospheric  attenuation  and  the  effects  of  turbulence 
are  discussed.  Attenuation  limited  the  amount  of  laser  radiation  which 
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reached  the  target  plane.  Turbvilence  produced  movement  and  breakup 
of  the  beam  upon  the  target  plane.  Both  effects  could  limit  the  amount 
of  power  which  was  detected  at  the  target. 

lypes  of  attenuation  which  are  discussed  are  molecular  absorption, 
molecular  scattering,  aerosol  absorption,  and  aerosol  scattering.  If 
a standard  weather  model  was  used,  predictions  of  resulting  attenuation 
f^m  each  of  these  effects  could  be  taken  from  tables  developed  from 
a computer  model  called  Hitran  (Ref  9)* 

Hltran  coxxld  not,  however,  be  used  to  estimate  the  effect  atmospheric 
turbulence  would  have  upon  experimental  results.  This  had  to  be 
predicted  from  the  observations  made  In  previous  studies.  During  first 
stage  operation  with  the  HeNe  laser  an  attempt  was  made  to  minimize  the 
effect  of  turbulence,  so  that  attenviation  could  be  stvidied  independently, 
later  testing  may  Include,  or  focus  upon,  these  secondary  effects. 

Several  assumptions  were  made  during  the  theoretical  development 
and  during  data  Interpretation.  One  was  that  the  theoretical  attenuation 
coefficients  given  by  McGlatchey  and  Selby  (Ref  9*  Ihbles  1,  2,  and  3 of 
this  report)  for  altitude  block  0-1  km  were  applicable  to  the  actual 
experimental  setup.  During  the  test  the  laser  beam  followed  a path  that 
varied  from  35^  to  266  meters  above  sea  level.  An  Interpolation  between 
altitudes  weis  possible  with  the  theoretical  models,  but  was  not  considered 
necessary  In  this  report  due  to  the  small  altitude  differences  involved. 

Another  assumption  was  made  during  visibility  measurements.  During 
each  test  run  an  estimate  of  visibility  was  made  by  observation  of  local 
landmarks  from  the  transmitter  site  In  the  tower  of  Building  620.  Ihls 
method  seemed  to  produce  more  reliable  estimates  than  those  obtained 
Item  the  base  weather  service.  An  assumption  was  made  dinrlng  the 
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obsezrvatlons  that  visibility  along  the  test  path  was  the  same  as  along 
the  entire  path  out  to  the  limits  of  vision.  An  observation  of  5 Icm 
visibility  would  be  meaningless  If  a localized  occurrence,  such  as  a 
ralnshower,  existed  only  over  a portion  of  the  area  of  view.  For  this 
reason,  tests  were  conducted  only  during  periods  when  atmospheric 
uniformity  wae  observed. 

A third  assumption  was  that  secondary  scattering  by  molecular  and 
aerosol  constituents  of  the  air  had  a negligible  effect  upon  the  amount 
of  light  which  reached  the  target.  Secondary  scattering  refers  to 
secondary  deflection  of  light,  which  has  been  deflected  away  from  the 
target,  back  toward  the  target.  Hie  effect  Is  quite  complicated  and 
Is  not  Included  In  Hltran  attenuation  models.  According  to  W.  Middleton 
however,  secondary  scattering  effects  are  minimal  when  the  divergence  of 
the  besun  and  the  field  of  view  of  the  detector  are  as  small  as  those 
found  In  the  experimental  setup  used  dxirlng  these  tests.  In  the 
experiment  the  field  of  view  of  the  detector  was  approximateOy  5 nilli- 
radlans  and  the  beam  divergence  waa  .03  mllUradlans.  For  these  flgxnres 
the  resulting  error  introduced  by  secondary  scattering  Into  transmission 
measurements  should  be  less  than  1.0^  (Ref  10 t 576). 

During  the  tests  the  method  used  to  experimentally  Investigate 
atmospheric  attenuation  was  to  measure  total  power  transfer.  The 
relationship  between  attenuation  and  power  transfer  over  a distance,  R, 
Is  given  by  the  following  equations 

T e exp  (-yR)  (1 

where  y Is  the  attenuation  coefficient  and  T Is  transmittance,  the 
fimotlon  of  power  transferred  (Ref  8,  9).  To  experimentally  determine 
T,  measurements  of  power  transfer  over  a short  range,  where  T was 


assumed  to  "be  unity,  were  compared  to  those  over  a long  range.  In 
hoth  cases  the  same  optical  equipment  was  used,  aind  It  was  possible  to 
capture  the  entire  beam  and  focus  It  upon  the  detector.  Ibe  short  range 
measurement,  therefore,  was  the  stsuidard  for  all  transmission  calculations. 

Ihe  approach  that  was  taken  during  the  experiment  was  as  followst 
(l)  laboratory  testing  of  equipment,  (2)  field  calibrations,  (3)  range 
alignment,  (4)  data  collection,  2ind  (5)  comparison  of  test  results  to 
theoretical  predictions. 

nie  first  piece  of  equipment  to  be  tested  In  the  lab  was  the  laser. 

It  was  necessary  to  determine  If  there  were  fluctuations  In  power  output. 

If  fluctuations  existed,  the  beam  leaving  the  laser  would  have  to  be 
monitored  constantly  during  test  r\ms.  If  not,  laser  power  could  be 
assumed  to  be  constant. 

The  opetratlonal  characteristics  of  all  other  equipment,  which  was 
to  be  used  on  the  range  setup,  were  also  examined.  It  was  desirable  to 
discover  any  problem  areas  while  the  equipment  was  assembled  In  one 
place.  Ihe  last  operation  which  was  completed  prior  to  range  Installation 
was  an  Initial  determination  of  the  power  measurement  to  be  associated 
with  100^  tiransmlsslon.  IMs  was  easily  achieved  In  the  lab  by 
positioning  the  transmitter  and  receiver  within  a few  meters  of  each 
other. 

During  field  calibration  the  short  range  measurement  was  reaccompUshed. 
This  was  done  to  certify  that  the  operating  characteristics  of  the  equipment 
In  Its  new  environment  were  known. 

Range  alignment  was  achieved  by  visual  means.  An  observer  at  the 
receiver  gave  Instructions  to  the  laser  operator  for  movement  of  the  beam. 
The  Instructions  were  l]iq>lemented  ty  adjusting  azimuth  and  tilt  controls  on 
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as  time  and  weather  i)erinltted.  Results  were  contpered  to  the  theoretical 


predictions  of  NcClatchsy  and  Selhy  (Ref  9). 
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Atmospheric  attenviatlon  of  laser  radiation  and  the  effect  that 
air  turbulence  has  upon  beam  propagation  are  the  topics  of  this  chapter. 

A discussion  Is  Included  of  computer  models  which  can  be  used  to  predict 
the  amount  of  attenuation  produced  by  different  weather  conditions. 

Atmospheric  Attenuation 

Electromagnetic  radiation  In  the  form  of  laser  radiation  has  both 
wave  and  particle  characteristics.  Consideration  of  light  to  be 
composed  of  photons • however,  facilitates  discussion  of  the  Interaction 
of  a laser  beam  with  constituents  of  the  air  along  the  path  of  propagation. 
Iherefore,  atmospheric  attenuation  will  be  considered  to  result  from 
Interaction  of  laser  photons  with  gas  molecules  and  aerosol  particles. 
During  these  Interactions  the  photons  are  absorbed  or  scattered.  The 
resulting  attenuation  can  be  described  by  the  following  equation,  which 
was  mentioned  In  the  Introduction! 

T = exp  (-YR)  (1) 

where  T is  monochromatic  transmittance,  y Is  the  total  attenuation 
coefficient,  and  R the  range  length  (Ref  7i  9)>  Ibe  total  attenuation 
coefficient,  Yt  includes  separate  coefficients,  which  are  generally 
additive.  This  Is  demonstrated  by  the  following  equation! 

Y = 6 + K (2) 

where  6 Is  the  scattering  coefficient,  and  K the  absorption  coefficient. 
Also,  each  of  6 and  K Is  a sxun  of  molecular  emd  aerosol  coefficients. 

Ihat  Is,  Y K defined  by  the  following  equations! 

fi  = 6,  + 6a  (3) 

K = Kj,  + \ (4) 
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whetre  the  subscripts « m and  a«  indicate  molecular  and  aerosol  respect- 
ively. Estimates  of  the  size  of  each  of  these  coefficients  can  be  t^Lken 
£com  tables  contained  in  a report  by  McClatchey  auid  Selby  (Ref  9t  15-26). 
On  following  pages  • Ih-bles  I«  II » and  IH  reproduce  the  attenuation 
predictions  for  three  laser  wavelengths i (l)  HeNe  (.6328  u), 

(2)  HdiYAG  (1.06  u),  and  (3)  (10.59  u).  Five  model  atmospheres  and 

two  aerosol  models  are  included.  Ihe  coefficients  are  given  for  one 
kilometer  altitude  blocks  from  sea  level  to  25  loiii  for  larger 
blocks  above  25  Ion*  Ibe  tables  are  referred  to  on  numerous  occasions 
in  different  sections  of  this  report. 

Molecular  Scattering.  Molecular  scattering  refers  to  reflection 
of  laser  photons  from  gas  molecules.  Ihe  molecular  scattering  coefficient 
depends  only  on  the  number  density  of  molecules  along  the  radiation 
path.  Ihe  wavelength  dependency  of  molecular  scattering  is  very 
nearly  (Ref  9«  11).  As  can  be  seen  in  Tkbles  I-III,  this  means 

that  while  molecular  scattering  produces  a small  amount  of  attenviatlon 
for  HeNe  and  NdtYAG  radiation,  it  produces  almost  no  attenuation  for 
the  longer  wavelength,  00^  radiation. 

Molecular  Absorntion.  Ihls  type  of  absorption  can  occur  when 
the  incident  photon,  vibrating  at  the  laser  freqvient^,  interacts  with 
a gas  molecule  which  has  a slsilliar  transition,  or  resonant,  frequency. 

The  probability  of  absorption  is  determined  by  the  -type  and  number  of 


I 


gas  molecules  present,  and  by  their  energy  states  before  interaction. 
Atmospheric  temperature  and  pressure  can  be  used  to  predict  energy 
states.  The  iaqnrtant  molecule  types  are  (in  order  of  importance) 


H^O,  CO^,  Oy  N^O,  CO,  0^,  CHj^,  and  N^.  All  of  these,  except  H^O  and  0^, 
are  assumed  to  be  uniformly  mixed  by  volume.  Concentzrations  of  H^O  and 
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(From  Ref  9«  24) 
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0^  are  functions  of  altitude  and  tenrperature  (Ref  9t  11).  U9.ble8 
exists  from  which  the  predicted  concentrations  of  the  uniformly  mixed 


gases  can  he  taken,  as  well  as  the  predicted  concentrations  of  H^O  and 


0^  under  six  model  atmospheric  conditions  (Ref  9t  3-8). 

Each  of  the  molecules  has  characteristic  transition  frequencies 
at  which  energy  can  be  absorbed.  Normally  the  frequency  widths  are 


narrow,  thus  producing  sharp  absorption  lines.  Ihe  H2O  molecule. 


however,  provides  an  absorption  continuum  In  the  8-I3  um  and  In  the 
16-30  \im  regions  (Ref  81  2).  Ihe  combination  of  all  sharp  absorption 
lines  and  the  H^O  contlnua  Is  a series  of  absorption  peaks  and  valleys 
across  the  wavelength  spectrum.  The  presence  or  absence  of  a continuum 
determines  the  depth  of  the  regions,  called  transmission  windows, 
between  absorption  peeJcs.  Hoe  ajnount  of  attenuation  caused  by 
molecular  absorption  Is  therefore  strongly  dependent  upon  the  operating 
frequency  of  the  laser.  As  can  be  seen  In  Ihbles  I-III,  molecvilar 


absorption  Is  responsible  for  the  greatest  ajnount  of  CO^  attenuation. 


but  It  produces  only  minor  attenuation  for  the  HeNe  and  NdiYAG  lasers. 

Aerosol  Attenuation.  Aerosols  are  small  solid  and  liquid  particles 
which  are  suspended  In  the  air.  Under  severe  conditions  they  can 
produce  the  dominate  type  of  attenuation  (Ref  14).  Hro  aerosol  models, 
to  describe  "clear"  amd  "hazy"  days,  are  Included  In  the  tabulated 
results  of  McClatchsy  and  Selby.  In  the  0-1  km  altitude  block  a "clear" 
day  refers  to  23  Ion  visibility  and  a "hazy"  day  to  5 5°“  visibility  (Ref  9). 

The  aerosol  scattering  and  absorption  coefficients  are  functions 
of  the  ntimber  of  paortlcles  present,  their  size  distributions,  and  their 
complex  Indices  of  refraction.  Ihe  rather  Involved  theory  of  scattering 
was  first  worked  out  by  Mle  for  spherical  particles  (Ref  11),  and  a 
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ooaqprehenslve  study  of  KLe  scattering  was  done  ty  Van  de  Hulst  (Ref  l6). 
Absorption  coefficients  can  be  slmlliarly  derived,  and  the  derivations 
■ay  be  found  in  several  articles  (Ref  6t  l8l)(Ref  9*  11-13)*  For  the 
purposes  of  this  report,  the  ''clear”  and  "hazy"  day  models  of  McGlatchey 
and  Selby  will  provide  sufficient  data  to  make  predictions  of  the 
expected  amount  of  aerosol  attenuation. 

Reference  to  lb.ble  I shows  that  for  the  HeNe  laser,  aerosol 
scattering  produces  the  dominate  type  of  attenuation  in  the  0-1  km 
altitude  block.  In  fact,  the  aerosol  scattering  coefficient  on  "hazy” 
days  is  100  times  as  large  as  all  other  combined  coefficients  and  is 
10  times  as  large  on  clear  days.  Because  of  this  dominance,  the 
scattering  coefficients  for  a "clear"  and  a "hazy"  day  in  the  0-1  km 
block  can  be  used  to  predict  transmission  values  for  different 
visibility  conditions  encovintered  in  the  experimental  setup. 

Fbr  laser  radiation  in  the  visible  portion  of  the  spectrum,  such 
as  HeHe  radiation,  the  relationship  between  transmission  and  visibility 
can  be  approximated  by  the  following  equation  (Ref  2*  2.55)* 

▼ = 3*9/(scat.  coeff. ) (5) 

As  cam  be  seen  from  the  equation,  there  is  a linear  relationship 
between  visibility  and  (scat,  coeff. )”^.  Using  this  relationship,  a 
graph  of  visibility  versus  (scat,  coeff. )”^  can  be  made.  A straight 
line  is  drawn  between  the  (scat,  coeff. )~^  values  for  5 and  23  km 
visibilities,  as  given  by  McGlatchey  and  Selby.  From  the  graph  it  is 
then  possible  to  predict  coefficients  relating  to  a range  of  visibility 
conditions.  These  coefficients  can  then  be  converted  to  expected 
transmission  values.  The  result  is  depicted  in  Figure  2,  where  expected 
transmission  rates  are  plotted  against  visibility.  Later  in  Ghapter  V 
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Turbulent  air  Is  an  Inhomogeneous  mixture  of  gases  and  suspended 
particles t in  which  localized  composition  varies  with  position  and  time. 
Different  regions  display  different  indices  of  refraction  to  passing 
light.  The  effect  upon  a laser  beam  is  random  alteration  of  the  beam's 
anqplitude,  phase,  and  direction  (Ref  4s  135) • 

Turbulence  and  its  conseq.uences  normally  are  most  pronomced  in 

j 

the  low  altitude  region,  where  the  air-ground  interface  produces 

j 

i numerous  eddies  of  varying  composition.  This  is,  of  course,  the  region 

I 

in  which  the  laser  tests  were  to  be  conducted. 

As  was  mentioned  in  Chapter  I,  during  experimentation  using  the 
HeNe  laser,  an  attempt  was  made  to  minimize  the  effect  atmospheric 
j turbulence  had  upon  test  results.  Study  of  turbulence  effects  was 

I confined  to  observation  of  the  amount  and  type  present,  and  to  the 

i 

limits  thus  imposed  upon  power  transfer  measixrements.  It  was  Importeuit, 
however,  to  understand  the  mechanics  and  magnitude  of  turbulence  effects 
which  were  likely  to  be  encoimtered.  These  included  spot  dancing,  beam 
spreeidlng,  image  dancing,  and  scintillations. 

Spot  Dancing.  When  the  laser  beam  passes  through  large  pockets  of 
air  in  which  the  refractive  index  is  different  than  the  norm,  the  entire 

I 

I beam  can  be  deviated  from  its  original  direction.  The  result  is 

I 

I movement  of  the  laser  spot  upon  the  target  plane,  called  spot  dancing. 


If  the  spot  moves  off  the  receiving  optics,  power  deviations  are 
recorded  which  are  not  the  result  of  atmospheric  attenuation. 

Ihe  relationship  between  spot  dancing  and  turbulence  was  examined 
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In  experiments  conducted  ty  T.  Gllmaxtin  and  J.  Holtz  (Ref  5).  One  of 
their  findings  was  that  on  a normal,  clear  day  the  amount  of  beam 
wander  (spot  dancing)  increased  during  the  warm,  turbulent  part  of  the 
day  and  was  at  a minimum  shortly  before  sunset  and  shortly  after  sunrise. 
Ihe  amount  of  observed  diurnal  variation  is  depicted  in  Figure  4.  The 
tests  were  completed  using  a CO^  laser  on  a 5.^  Ioq  range.  On  the  graph, 
the  spot  radii,  R and  R^',  were  radii  of  blurred  spots  on  photographic 
film.  The  blurring  was  caused  by  spot  dancing.  Although  the  graph 
resulted  from  experiments  conducted  with  a CO2  laser,  other  lasers 
should  produce  slmlllar  diurnal  variations. 


Fig.  3.  Diurnal  Variation  of  C0_  Laser  Spot  Characteristics 
(Firom  Ref  5i  I908)  ^ 


\ 

i 

T.  Chiba  furnishes  an  equation  which  may  be  used  to  estimate  the 
amount  of  spot  dancing  likely  to  be  encountered  during  different  i 

j 
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tvtrbulence  conditions  (Ref  3»  2457)*  According  to  his  report,  the 
standard  deviation  of  the  linear  displacement,  of  the  laser  spot 
is  given  hy  the  following  equation i 

^ = .956  0^  (6) 

where  \ is  the  laser  wavelength,  z is  the  length  of  the  range,  and 
is  the  struct\ire  constant  of  the  atmosphere.  is  a function  of 

atmospheric  pressure  and  temperature,  is  dimensloifffess,  and  varies  in 

—7  “9 

magnitude  from  5 X 10~'  for  strong  turbulence  to  8 X 10  for  weak 

turbulence  (Ref  3i  2458).  Using  Equation  5,  predicted  for  HeNe 

radiation  over  a 1.23  km  range  during  strong  turb\ilence  is  3.7  cm. 

Therefore,  with  sufficiently  large  receiver  optics,  it  should  be 

possible  to  eliminate  the  effects  of  spot  dancing. 

pAam  Srreadlng.  Another  consequence  of  turbulence  is  small-angle 

scattering,  which  spreads  the  beam  energy  over  a larger  region.  IMs 

occurs  because  the  localized  inhomogenlties  produce  changes  in  the 

divergence  angle  of  the  laser  beam  (Ref  4j  135)* 

A TnaAT*  beam  has  a divergence  angle,  0,  which  is  characteristic 

of  its  propagation  through  free  space.  Using  this  divergence  angle  it 

is  possible  to  estimate  the  spot  size  at  the  target  plane  by  the 

following  equation: 

d = R 0 (7) 

where  d is  the  beam  diameter  in  the  target  plane,  R is  the  range  length, 
niiH  0 is  the  full-cone  divergence  angle  (Ref  18:171 )•  For  example,  the 
test  HeNe  laser  lad  a divergence  angle  of  approximately  3 X 10  ^ radians. 

Over  a 1.23  km  range  the  3 cm  beam  was  expected  to  increase  in  diameter 
to  approximately  7 cm. 

In  the  real  atmosphere  the  divergence  angle  is  dependent  upon  the 

i 
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refractive  Index  of  the  air.  l^iransiiilsslon  through  large  pockets  of  air 
with  nonstandard  Indices  of  refraction  will  produce  changes  In  0 ^Lnd 
corresponding  cheinges  In  heajn  dlajneter.  As  an  example  i assume  that 
halfway  to  the  target  the  refractive  Index  of  the  air  changes  at  a 
plane  svurface  houndary  from  1.00  to  0.95>  ^Hie  following  matrix  can  be 
used  to  approximate  beam  diameter  at  the  target  plane  (Ref  13 > 297) > 


where  R = 1.23  Ion 
n/nj=  1/.95  = 1.05 
r = 3 cm 

0 = 3 X lO”'^  radians 
Then  r^^  = 6.78  cm 

= 3.15  X lO”'^  radians 

Using  this  same  matrix  and  assuming  homogenlty,  the  target  spot 
size  Is  6.69  cm.  The  two-index  system  produced  a change  of  1.3^  In 
spot  diameter.  Ihls  example  Is  Illustrated  In  Figure  5* 

The  alteration  In  spot  size  would  be  larger  for  systems  operating 
over  longer  ranges » and  for  those  having  larger  free-space  divergence 
angles.  Also,  during  actual  operation  spot  size  Is  expected  to 
fluctuate  as  turbulence  produces  eddies  of  varying  composition  along 
the  path  of  propagation.  For  the  HeNe  laser  which  will  be  tested, 
fluctuations  should  normally  be  only  a small  fraction  of  the  average 
bean  diameter.  Therefore,  since  the  receiver  was  several  times  larger 
than  the  beam  diameter,  beam  spreading  was  expected  to  have  only 
minimal  effect  upon  power  measurements. 
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Image  Dancing.  Receiving  optics  focused  the  laser  heam  unto  a 


detector  positioned  In  the  focal  plane.  Variations  in  the  arrival 
angle  of  the  beam  could  cause  movement  of  the  focused  spot.  J.  Davis 
provides  the  following  equation  for  estimating  the  maximum  Image 
movement  which  could  be  expected  (Ref  4t  151 )> 

X = 3 f a (9) 

where  x = maximum  Image  displacement 

f = focal  length  of  receiving  optic 
(X  = maximum  tilt  angle  of  arriving  beam 
Ihe  tilt  angle  a Is  a function  of  range  length  and  beam  diameter.  For 
a one  kilometer  range  and  a 5 cm  beam  diameter,  a is  given  hy  Davis 
to  be  3*5^  mlcroradlans.  Therefore,  maximum  beam  displacement  should 
be  only  .02  millimeters.  If  the  focal  length  of  the  receiving  optic  is 
2 meters.  Davis  concluded  that  displacement  of  the  Image  from  the  focal 
point  should  almost  always  be  negligible. 

The  effect  of  Image  dancing  ma^  have  been  larger  during  actual 
testing  than  the  above  calculations  suggest.  One  factor  not  yet 
Included  In  the  calculations  Is  the  quality  of  the  siirface  of  the 
receiving  optic.  Movement  of  the  beam  upon  a nonperfect  surface  may 
produce  larger  than  expected  displacement  of  the  focused  spot.  Another 
possible  factor  is  the  size  of  the  focused  spot  compared  to  that  of  the 
detector  surface.  If  the  detector  area  Is  only  slightly  larger  than 
the  spot  size,  small  displacements  may  produce  variations  in  detected 
output,  which  are  vmrelated  to  atmospheric  attenuation.  The  same 
thing  can  occur  If  the  detector  svirface  Is  not  uniformly  sensitive. 

Scintillation.  Local  Inhomogenltles  along  the  path  of  propagation, 
which  are  smaller  than  the  beam  diameter,  produce  random  amplitude 


i I 


fluctuations  within  the  wave  front  of  the  heajn.  The  result  is 
constructive  and  destructive  Interference f with  corresponding  bright  euid 


dark  areas  being  projected  onto  the  target  plane.  Tbe  effect  is  called 
scintillation.  J.  Davis  gives  the  following  equation  from  which  the 


anoxmt  of  aiiq)lltude  fluctuation  $ X , can  be  estimated  (Ref  4i  140)» 

df 

= 0.31  k R^^/^ 

where  = atmospheric  structure  constant 
k = 2Tr  / (wavelength) 


(10) 


R = range  length 

Fluctiiatlons  in  amplitude  are  related  to  fluctuations  in  the  logarithmic 
level  of  intensity,  X^,  by  the  following  equation  (Ref  4»  l40)t 

(11) 

The  amount  of  fluctuation  in  received  power,  however,  is  strongly 
dependent  upon  the  size  of  the  detector  aperture.  A detector  with  an 
apertxnre  which  is  smaller  than  the  beam  diameter  will  see  bright  and 
dark  areas  within  the  beam.  The  result  will  be  large  fluctuations  in 


power  output.  On  the  other  hand,  power  fluctuations  can  be  made 
vanishingly  small  by  Increasing  the  receiver  diameter  until  the  entire 
beam  is  captured  (Ref  4i  152). 

According  to  Equation  9f  amplitude  fluctuations  are  directly 
proportional  to  range  length  and  to  the  amount  of  turbulence,  of  which 
is  a measure,  and  are  Inversely  proportional  to  wavelength.  Therefore, 
COL  radiation  should  produce  less  scintillation  than  does  the  shozrter 
wavelength  HeNe  radiation.  The  dependencies  upon  wavelength  suid  upon 
range  length  are  depicted  in  Figures  6 and  7.  ^e  included  photograjdis 
depict  Instantaneous  intensity  distributions  for  focused  HeNe  and  CO^ 
laser  beans  over  range  lengths  of  1.3  5*05  km,  and  8.6  km.  Each 


22 


of  the  pictures  was  taJcen  during  conditions  of  medium  turbulence,  and 
with  an  output  beam  diameter  of  30  cm  (Ref  12 1 7-12). 
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Dlls  chapter  Includes  a description  of  equipment  used  to  measure 
atmosi^ierlc  attenuation  of  HeNe  laser  radiation.  The  equipment  Is 
categorized  Into  those  Items  used  for  transmission  and  those  used 
for  reception  of  the  laser  light.  In  addition,  a description  Is 
included  of  extra  equipment  which  was  reqiiired  during  calibration. 

Tjraasmlttlng  Equipment 

The  radiation  source  for  this  phase  of  testing  was  a low-powered 
HeNe  laser.  Attached  to  the  laser  was  a collimating  telescope.  The 
laser  and  telescope  were  mounted  on  a heavy  metal  platform,  which  had 
fine-adjustment  controls  that  could  he  used  for  precision  alignment. 

After  the  telescope,  the  laser  light  passed  through  a safety  pipe 
before  leaving  the  transmission  site.  The  setup  Is  illustrated  In 
Fig\n:e  8 and  Figure  9 on  the  next  page. 

HeNe  Laser.  A Spectra-Physlcs  Model  132  HeNe  laser,  which  produced 
a maximum  of  2.3  milliwatts,  was  the  radiation  so\irce.  The  laser  was 
operated  with  the  polarizing  magnets  removed.  Visible  red  light  (632.8  nm) 
of  transverse  mode  was  emitted.  Hie  beam  leaving  the  exit  pupil 

had  a diameter  of  approximately  0.8  millimeters  and  a full-cone 
divergence  angle  of  approximately  1.0  milliradlans  at  the  l/e^  lnter.siiy 
points. 

The  Model  132  has  a self-contained  high  voltage  power  supply,  which 
operates  on  standard  110  volt,  60  c^cle  line  current.  The  laser  tube  and 
high  voltage  circuits  are  contained  within  a metal  housing,  which  measures 
f > 40  X 14  X 10  cm.  Protection  l^m  shocks  Is  provided  by  an  Interlock  on 

the  bottom  ooverplate  of  the  housing.  The  Interlock  disables  the  high 
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voltage  power  supply  whenever  the  coverplate  Is  removed.  A circular 
steel  mount  is  provided  at  the  exit  aperture  of  the  Isisert  to  which 
a Spectra-Physlcs  Model  332/336  collimating  telescope  can  be  attached. 

laboratory  testing  demonstrated  that  when  the  laser  was  initially 
turned  on,  output  fluctuated  by  approximately  25^.  A warmup  period  of 
one  hour  reduced  this  fluctuation  to  a negligible  magnitude. 

Beam  Expanding  Telescoije.  The  output  of  a HeNe  laser  closely 
approximates  a Gausslaui  wavefront,  and  the  far-fleld  pattern  for  such 
a wavefront  should  also  be  Gaiissian.  The  applicable  beam  divergence 
Is  given  by  the  following  equation i 

0 = (2X)/(d/2)  (12) 

where  0 is  the  full-cone  divergence  angle,  \ is  the  laser  wavelength, 
and  d is  the  initial  beam  diameter  at  the  l/e*  Intensity  points  (Ref  15*3* l). 

During  the  experiment,  the  laser  beam  was  to  be  projected  over  a 
long  distance,  and  capture  of  the  entire  beam  would  facilitate 
measinrement  of  total  power  transfer.  Therefore,  It  was  desirable  to 
reduce  the  divergence  given  by  Equation  11.  This  was  accomplished  by 
using  a beam  expanding  telescope  to  enlarge  the  beam  diameter  prior 
to  transmission.  Thus,  for  a wavelength  of  632.8  nm  the  expected 
divergence  was  decreased  from  1 mllllradlan  for  the  laser  without  a 
telescope,  to  .03  mllliradians  with  a 3 diameter  beam  from  the 
telescope.  Using  Equation  6 to  calculate  expected  target  spot  size 
shows  that  a reduction  from  1.23  meters  to  approximately  7 cm  can  be 
expected  due  to  this  decreased  divergence. 

The  telescope  consisted  of  a Spectra-Physlcs  Model  336  collimator 
attached  to  a Model  332  beam  expander.  The  beam  expander  was  mounted 
directly  on  the  laser  exit  aperture.  Adjustment  of  the  mount  x>ermltted 
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all^punent  of  the  beam  with  the  telescope  transmission  axis.  The  33^/332 
oomblnatlon  Is  Illustrated  In  Figure  10 t where  all  dimensions  are  given 
in  centimeters. 


For  operational  testing  using  the  2.3  HeNe  laser,  the  aperture 
was  removed  from  the  beam  expander.  This  was  necessary  because  the 
available  apertirre  was  too  small,  having  been  designed  for  use  with 
a 50  mw  laser.  The  wider  beam  coming  from  the  larger  laser  could  be 
focused  onto  a smaller  aperture  than  could  the  0.8  millimeter  beam 
coming  from  the  Z.3  m laser.  Laboratory  tests  showed  that  use  of  the 
aperture  with  the  2.3  laser  would  result  In  more  than  a 50^  loss  of 
power.  Also,  It  was  very  difficult  to  produce  a stable  focus  upon  the 
aperture,  resulting  In  power  output  Instabilities.  Elimination  of  the 
aperture  produced  a relatively  stable  beam  and  an  output  power  of  2.12  mw, 
a power  loss  of  only  10^. 

A focusing  ring  on  the  aft  portion  of  the  collimator  could  be 
rotated  to  vary  the  position  of  the  beam  waist.  Using  the  ring.  It  was 
possible  to  focus  the  beam  within  a few  meters  of  the  laser,  or  to 
produce  the  narrow  downstream  beam  which  was  used  during  testing. 
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Table  Haunt.  A stable  platform  was  required  on  which  the  laser 
could  be  mounted.  Also,  since  precise  alignment  of  the  laiser  was 
required,  the  mount  had  to  be  finely  adjustable  for  tilt  and  azimuth. 

The  J.  Ibiertl  Optical  Company  mount,  which  was  used,  satisfied 
both  of  these  requirements  (See  Fig.  9)*  Its  heavy  steel  construction 
provided  a support  which  was  nearly  free  of  vibrations,  and  large  screw 
drives  permitted  precise  tilt  and  azimuth  control.  The  laf^er  support 
was  a 42  X 36  cm  steel  platform,  which  was  suspended  on  a thick  axle. 

Threaded  holes  ground  the  perimeter  of  the  platform  could  be  used  for 
locking  the  optical  equipment  in  place,  A third  control  permitted 
movement  of  the  entire  platform  horizontally  along  the  base  of  the 
mount.  This  type  movement  was  used  for  alignment  of  the  laser  beam  with 
the  near  end  of  the  plastic  safety  pipe. 

i 

A 63  X 14  X 7 cm  plexiglass  block  was  used  to  elevate  the  laser 
above  the  platform  of  the  mo\int.  This  additional  elevation  was  needed 
so  that  the  beam  could  clear  a high  balcony  outside  the  tower  window. 

The  block  was  bolted  to  the  platform,  and  the  laser  was  bolted  to  the 
top  of  the  block.  A hole,  which  was  drilled  in  the  forward  face  of 
the  block,  held  a support  for  the  collimating  telescope.  A counter- 
weight, which  negated  the  downward  tilt  of  the  front  end  of  the  platform, 
was  mounted  in  the  aft  face  of  the  block.  The  rod  along  which  the 
counterweight  could  be  moved  was  25  cm  in  length. 

Safety  For  safety  reasons  it  was  necessary  to  limit  the 

area  around  the  target  In  which  the  laser  beam  could  fall.  For  this 
purpose  a plastic  pipe  of  Inside  diameter  5>5  cm  was  placed  In  front 
of  the  laser.  The  3 uteter  long  pipe  allowed  a field  of  view  for  the 

laser  of  approximately  one  degree  around  the  target.  j 
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To  Insure  rigidity,  the  pipe  was  securely  mounted  in  a clamping 
device,  which  was  attached  to  the  balcony  ledge  of  the  tower  (See  Fig.  8). 


The  pipe  also  tightly  fit  into  a hole  in  a piece  of  plywood  paneling, 
which  had  been  mounted  in  place  of  the  window  glass. 

Receiving  Equipment 

In  the  target  plane  a spherical  mirror  was  \ised  to  capture  the 
laser  beam  ?nd  focus  it  upon  a power  detector.  Output  of  the  detector 
was  ajapllfied  and  displayed  on  an  XY  recorder,  which  produced  a log 
of  each  test  anm.  The  equipment  is  Illustrated  in  Figure  11  and 
Figure  12  on  the  next  page. 

Mirror.  The  spherical  mirror,  which  was  used,  had.  a concave,  31  cm 
diameter,  front-coated  surface.  The  quality  of  the  surface  was  quite 
good,  and  a clean  circular  focus  of  collimated  laser  light  could  be 
obtained.  The  focused  spot  was  approximately  one  millimeter  in  diameter 
emd  weis  located  two  meters  from  the  mirror. 

The  mirror  was  attached  to  a heavy  steel  movint,  which  could  be 
clamped  to  a table  or  a tripod,  lilt  and  azimuth  controls  on  the  mount 
produced  movement  of  the  mirror,  and  corresponding  movement  of  the  focused 
spot. 

laboratory  and  range  testing  showed  that  the  mirror  reflected 
89  ± 0.^  of  input  collimated  laser  light  onto  the  focal  point.  This 
figure  was  applicable  to  all  portions  of  the  mirror. 

Detector.  A Coherent  Radiation  power  detector  was  positioned  at  the 

2 

focal  point  of  the  mirror.  The  1 cm  detector  surface  wais  uniformly 
sensitive  to  HeNe  radiation,  had  a fast  response  time,  emd  showed  a 
linear  response  to  input  light  intensity.  A cylindrical  light  shield 
could  be  mounted  on  the  detector  housing  to  decrease  background 
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radiatlony  and  a lOOO/l  attenuator  could  be  positioned  In  front  of  the 
detector  If  larger  signals  were  to  be  measured. 

Hie  linearity  of  the  detector  was  checked  by  placing  neutral  density 
filters  between  a test  laser  and  the  detector  head.  The  filters  trans- 
mitted a known  fraction  of  the  light  which  struck  them.  The  detector 
produced  power  readings  that  were  within  0.3^  of  predicted  values  when 
the  beam  was  reduced  In  Intensity  to  and  10~^  Its  original 

size. 

The  detector  control  unit  contained  a low  voltage  power  supply » 
four  8,1  volt  batteries.  Detector  readings  were  displayed  on  a self- 
contained  meter  and  also  could  be  output  to  a recording  Instrtunent,  The 
range  of  possible  full-scale  readings  on  the  meter  was  0.1  microwatt  up 
to  100  milliwatts  (with  the  lOOO/l  attenuator  removed).  An  additional 
control  weis  available  for  suppression  of  noise. 

During  Initial  laboratory  testing  the  detector  began  to  show  Isirgei 
random  fluctuations  In  power  Indications » which  were  not  caused  ty 
detected  radiation.  Hie  fault  was  traced  to  two  bad  batteries  In  the 
control  unit.  Subsequent  replacement  of  the  batteries  corrected  the 
problem. 

XY  Recorder.  Output  of  the  Coherent  Radiation  detector  was 
channeled  to  a Houston  Instrument  Model  2000  XY  recorder.  The  Model 
2000  had  Isolated  and  Independent  drive  mechanisms  for  each  axis. 

During  the  experiment • test  runs  were  completed  with  the  X axis  drive 
In  the  automatic  sweeps  10  sec/lnchy  position.  Indlvldvial  nms  lasted 
approximately  minutes,  using  the  full  15  Inch  X scale.  Deflection 
of  the  recording  pen  along  the  Y axis  was  a function  of  Input  power 
from  the  detector.  According  to  the  Instruction  manual,  the  Y scale 
had  a linearity  0.1^  of  full  scale.  This  linearity  was  verified  at 
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the  same  time  am  was  that  of  the  power  detector  descrlhed  In  the  laist 
section. 

The  Y scale  amplification  control  was  set  In  the  manual-adjust 
position.  Then  full  scale  deflection  could  be  made  to  Indicate  100^ 
transmission  from  the  transmitting  laser.  There  also  was  a zero-set 
control  for  the  Y scale.  This  control  made  It  possible  to  set  a 
convenient  zero  position  for  runs  conducted  under  a variety  of  lighting 
conditions.  Because  of  scale  llneaxlly,  changing  the  zero  position  did 
not  alter  the  scale  difference  between  full  scale  and  zero  readings. 

This  was  verified  during  operation  of  the  equipment. 

Additional  Equipment 

In  addition  to  equipment  used  for  transmission  and  reception  on 
the  final  range  setup,  other  items  were  required  during  initial 
testing.  A beam  splitter  and  associated  detection  equipment  were  lased 
during  laboratory  calibrations.  Recallbratlon  during  range  operation 
was  accomplished  with  a second  HeNe  laser. 

Beam  Splitter.  A beam  splitter  was  used  during  initial  calibration 
to  reflect  a portion  of  the  beam  leaving  the  collimating  telescope  onto 
a detector.  In  the  lab  It  was  then  possible  to  simultaneously  monitor 
laser  outinit  and  power  reaching  the  focal  point  of  the  spherical 
mirror.  The  sovirce  of  any  fluctuations  or  spurious  signals  could  then 
be  pinpointed. 

The  beam  splitter  was  made  f^m  a glass,  photographic  plate,  which 
measinred  10  X 15  X 0.1  cm.  The  photographic  coating  had  been  removed 
by  washing  the  plate  with  soap  auid  water  followed  by  an  alcohol 
solution.  Testing  showed  that  the  beam  splitter  reflected  approximately 
10^  of  laser  light,  which  struck  It  at  an  angle  of  30-50  degrees. 
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I Detection  EgulTament  Used  with  Beam  Splitter.  Light  from  the  beam 

j r 

splitter  was  focused  by  a double-convex  lens  onto  a SGD-040-A  photodiode. 
The  idx>todlode  was  operated  In  Its  conductive  modet  producing  current 
when  stimulated  by  Input  light.  According  to  EGAG  Data  Sheet  D3003C-lt 

i the  detector  output  was  linear  within  1^  over  seven  decades.  The  small 

2 

size  of  the  detector  surface,  0.81  mm  , limited  the  usefulness  of  this 
detector.  The  laser  beam  had  to  be  focused  onto  a very  small  spot,  and 
any  vibrations  In  the  system  produced  an  erratic  signal.  The  detector, 

I however,  was  eidequate  for  laboratory  calibrations. 

Ihe  display  unit  utilized  during  calibration  was  a two-pen 
Hbn^well  XYY*  recorder.  The  recorder  recel'red  Input  from  both 
transmission  and  reception  equipment.  The  X <lrlve  of  the  recorder 
operated  In  an  automatic  sweep  position.  Separate  amplification  of 
each  of  the  Input  signals  was  accomplished  using  the  Y and  Y*  controls. 
Simultaneous  recording  of  both  laser  output  and  downstream  reception 
was  then  possible. 

#2  HeNe  laser.  A second  HeNe  laser  was  used  to  recalibrate 
reception  equipment  during  range  operation.  The  laser  was  the  same 
model  and  had  the  same  operating  characteristics  as  did  the  primary 
laser.  The  only  difference  was  that  the  #2  laser  produced  1.48 
milliwatts.  !nie  laser  was  used  without  a beam  expander  and  collimator. 
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nils  chapter  Includes  a description  of  the  manner  In  which 
eq,^llpIDent  was  set  up  guad  used  to  obtain  data  dvirlng  laboratory  testing 
and  Initial  range  operation.  Also*  one  section  of  the  chapter  contains 
a descrlirfclon  of  the  physical  characteristics  of  the  range. 

Laboratory  Testing 

Prior  to  range  Installation  It  was  desirable  to  study  all  equipment 
imder  controlled  laboratory  conditions.  In  the  lab  the  transmission  and 
reception  equipment  could  be  separated  by  only  a few  meters,  so  that 
lOQ^  transmission  could  be  assimed.  Losses  of  power  could  then  be 
assigned  to  Individual  pieces  of  equipment.  Also  In  the  lab  It  was 
possible  to  try  different  conflgviratlons  of  equipment,  and  then  decide 
upon  the  best  arrangement.  The  following  sections  contain  descriptions 
of  the  laboratory  tests  which  were  completed. 

Telescope  Alignment.  As  was  mentioned  In  Chapter  IH,  the  diameter 
of  the  available  aperture  for  the  Model  332  beam  expander  was  less  than 
the  optimum  aperture  size  for  the  Model  I32  laser.  Therefore,  the 
aperture  was  removed.  Due  to  the  amount  of  travel  allowed  by  the  beam 
expander  moimt,  alignment  of  the  laser  beam  with  the  beam  expander 
longitudinal  axis  was  difficult  to  accomplish.  Central  alignment  was 
achieved  ty  projecting  the  beam  passing  through  the  beam  expander  onto 
a white  screen.  The  resulting  pattern  was  a bright  expsuided  laser  spot 
within  eii  larger,  dim  circle.  The  dim  circle  defined  the  possible 
transmission  cone  of  the  beam  expander,  and  central  alignment  was 
completed  by  centering  the  laser  spot.  Then  the  collimator  was  attached 
to  the  beam  expander.  Downward  tilt,  caused  by  the  additional  weight, 
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was  eliminated  by  placing  a support  under  the  forward  end  of  the 
collimator.  When  the  entire  telescopy  was  aligned • a uniform  circular 
beam  was  projected  onto  the  viewing  screen. 

Test  of  laser  Stability.  Knowledge  of  laser  output  was  the  basis 
for  all  transmission  measurements.  Any  existing  power  variations  had 
to  be  documented  as  to  size  and  frequency  of  occurence.  If  the 
variations  were  small  In  comparison  to  detectc:r  resolution!  continuous 
monitoring  of  laiser  output  would  not  be  required  on  the  range.  The 
presence  of  large  fluctuations*  however,  would  necessitate  continuous 
monitoring. 

TWo  methods  were  used  to  observe  laser  stability.  The  first,  and 
simplest,  was  to  focus  the  entire  beam  onto  the  Coherent  Radiation 
detector.  Fociislng  could  be  accomplished  by  adjusting  the  focus  control 
on  the  collimator,  or  by  reflecting  the  collimated  beam  from  the  spherical 
mirror.  Output  could  then  be  read  directly  from  the  detector  display 
or  channeled  to  ein  XY  recorder.  The  second  method  was  to  observe 
light  reflected  from  a beamsplitter  positioned  jvist  after  the  telescope. 

This  was  the  method  which  necessarily  would  be  used  If  continuous 
monitoring  on  the  range  was  required. 

: j 

' i 

laboratory  experimentation  showed  that  when  the  laser  was  Initially  j 

turned  on,  output  fluctviatlons  existed  which  had  a magnitude  of 
approximately  2SC  of  total  and  a frequency  of  approximately  I/15  hertz. 

Tests  demonstrated  that  the  laser  was  solely  responsible  for  these 

fluctuations,  which  existed  Immediately  following  laser  tuzm-on,  even  j 
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the  laser  could  be  used  on  the  range  without  constant  monitoring. 

niaitalfloatlon  of  Optics.  On  the  test  range,  percent  transmission 
was  calculated  by  comparing  output  power  measxirements , which  were 
observed  with  Identical  equipment  over  short  and  long  range  lengths. 
Xhowledge  of  the  power  losses  associated  with  each  piece  of  equipment 
was  not  reqvilred  for  these  calculations.  During  planning  and  certain 
tests,  however.  It  was  desirable  to  know  approximate.  Individual  losses. 
These  could  be  measixred  In  the  lab.  The  following  Is  a list  of  such 
measurements t 

(1)  Telescope  - approximately  10^  loss 

(2)  Beam  Splitter  - approximately  lOjC  loss 

(3)  Spherical  Mirror  - approximately  lljC  loss 

Comparison  of  #1  and  #2  lasers.  For  calibration  purposes  it  was 
necessary  to  compare  the  power  outputs  of  the  primary  laser  and  the  #2 
laser.  This  was  done  In  two  ways.  In  the  first  arrangement  the  primary 
laser  beam  was  focused  onto  the  detector.  The  resulting  power  measirrement 
was  compared  to  that  from  the  #2  laser  shining  directly  on  the  detector. 

In  the  second  eirrangement  the  spherical  mirror  was  used  to  focus  the 
collimated  primary  beam  and  then  the  #2  beam  onto  the  detector.  This 
arrangement  duplicated  the  range  setup,  except  for  the  proximity  of  the 
laser  and  mirror.  The  ratio  of  power  outputs  in  both  test  arrangements 
was  69.6  ± 0.23(.  This  figure  was  used  for  subsequent  calibrations 
tuslng  the  #2  laser. 

Field  Calibrations 

The  range  receiver  consisted  of  the  spherical  mirror  which  reflected 
light  onto  the  detector,  which  In  turn,  produced  a deflection  on  the  Y 
scale  of  the  XY  recorder.  Pinal  results  for  each  test  run  were  calculated 
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by  oontpering  the  observed  scale  deflection  to  the  scale  deflection  ' 

associated  with  100^  transmission.  Originally  this  100^  power  Indication  | 

was  obtednedf  as  mentioned  In  the  last  section,  by  placing  the  primary  | 

laser  within  a few  meters  of  the  mirror.  Pull  scale  deflection,  ; 

corresponding  to  100^  transmission,  was  manually  set  at  9 Inches.  j 

J 

Subsequent  scale  readings  were  compared  to  this  standard. 

After  all  transmission  and  reception  equipment  had  been  Installed 
on  the  range.  It  was  Impractical  to  recalibrate  dally  by  taking  a short-  ■ 

dlst^ulce  reading  with  the  primary  laser.  For  that  reason,  the  #2  laser 

i 

was  used  to  recheck  calibration.  It  was  placed  a few  meters  In  front 
of  the  mlrzx>r,  and  the  observed  scale  deflection,  which  resulted,  was 
checked  to  correspond  to  (9  Inches)  X (O.696)  = 6.3  Inches.  Only 
minor  adjustments  of  less  than  0.1  Inch  were  required  on  any  such 
r ecallbratlon . 

Once  during  the  tests  the  mirror  was  taken  to  the  transmitter  In 
the  tower  so  that  smother  short-range  calibration  could  be  made  with 
the  primary  laser.  The  mirror  was  clamped  to  a tripod  smd  positioned 
on  the  balcony  In  front  of  the  undisturbed  laser.  This  calibration 
agreed  to  within  0,^  of  previous  short-range  calibrations. 

A Range  Description 

Hie  optical  range  was  set  up  In  Area  B of  Wright  Ib,tterson  APB,  Ohio. 

Bcperiments  were  conducted  over  an  open-air  path  from  the  transmitter  In 
Building  620  to  the  receiver  in  the  penthouse  of  Building  22B.  j 

An  overhead  depiction  of  the  range  is  given  in  Figure  13.  The  length 
of  the  optical  path  was  4040  feet  or  1.23  Ion*  A vertical  profile  graph  is  j 

given  in  Figure  14,  and  as  can  be  seen  from  the  diagram,  the  vertical  | 

drop  along  the  range  was  approximately  300  feet  (90  meters).  Hie  average 
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Overhead  Diagram  of  Range 
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altitude  was  approximately  1000  feet  (305  meters)  MSL,  and  the  average 
height  above  the  ground  was  100  feet  (30  meters). 

Figure  15  Is  a view  of  the  penthovise  as  seen  from  the  transmitter. 

Ihe  penthouse  window  Is  at  the  center  of  the  picture.  Figure  l6  Is  a 
view  of  the  tower  as  seen  from  the  receiver.  The  transmitter  vas 
located  on  the  11th  floor  of  the  tower,  two  stories  down  from  the  top. 
Figure  17  Is  a blowup  of  the  view  given  in  Figure  15.  The  maximum  field 
of  view  (FOV)  of  the  laser,  as  restricted  by  the  safety  pipe,  is  depicted 
on  this  blowup.  As  Is  Indicated,  the  maximum  FOV  was  approximately  one 
degree.  The  rldgellne,  which  Is  prominent  in  Figures  15-17*  can  also 
be  found  on  the  vertical  prof lie  diagram  (Fig.  14).  It  was  located 
approximately  500  feet  (102  meters)  along  the  line  of  sight  from  the 
receiver.  The  top  of  the  ridge  was  approximately  30  feet  (9  meters)  below 
the  line  of  sight. 


After  transmitting  and  receiving  eq.ulp»nent  were  In  place  at  either 
end  of  the  range,  alignment  of  the  laser  beam  with  the  receiver  was 
accon^li  s-  /Ki. 

Field  of  View  Ad.iustment.  The  first  step  In  alignment  was  to  adjust 
the  plastic  safety  pipe  so  that  the  target  was  centered  In  Its  field  of 
view.  Ihls  was  accomplished  by  sighting  down  the  Interior  of  the  pipe. 
Thereafter,  when  the  laser  passed  through  the  pipe.  It  was  roughly 
aligned  within  one  degree  of  the  target  (see  Fig.  17). 

Nighttime  Alignment.  Final  alignment  could  most  easily  be  achieved 
\inder  conditions  of  darkness.  The  nearly  collimated  laser  beam  at  night 
looked  like  a spotlight  beam  when  viewed  from  the  target.  The  observer 
ooiild  easily  give  telephone  directions  for  centering  the  beam  within  the 
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Flc.  15*  view  of  Bldg  620  Tower  from  Bldg  22B  Penthouse 
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empty I penthouse  window.  Directions  from  the  observer  were  followed 
at  the  transmitter  by  making  minor  adjustments  of  the  tilt  and  azimuth 
controls  of  the  table  mount.  After  the  laser  beam  was  aligned,  the 
safety  pipe  was  adjvisted  so  that  the  beam  passed  along  its  central  axis. 
Next,  the  beam  collimation  was  tested  by  making  minor  adjustments  of  the 
telescope  focusing  ring.  The  smallest  possible  beam  at  the  target  plane 
was  desired.  Focus  adjustments  either  side  of  this  collimated  position 
produced  an  enlarged  spot  size. 

Nighttime  alignment  was  easy  to  accomplish,  but  test  runs  were  to 
be  completed  dvtring  daylight  hours  when  visibility  estimates  could  be 
made.  Tlierefore,  since  alignment  proved  to  be  unstable,  it  was  necessary 
to  develop  a techniq.ue  for  daytime  alignment. 

Daytime  Alignment.  Final  alignment  during  daytime  conditions  was 
difficult  to  accomplish.  The  neariy  collimated  beam  could  not  be  seen 
from  the  penthouse  imless  it  was  within  one  or  two  meters  of  the  window. 

Hie  solution  to  this  problem  was  to  defocus  the  beam  so  that  a larger 
spot  reached  the  target  plane.  This  larger  spot  could  be  more  easily 
seen.  When  the  beam  was  judged  to  be  centered  in  the  window,  a small 
adjustment  in  focus  of  the  telescope,  toward  collimation,  was  made. 

After  many  small  center-and-focus  adjustments  were  accomplished,  it  was 
possible  to  align  the  collimated  beam  within  the  window. 

Beam  Drift.  Dally  alignment  was  required  due  to  the  beam  drift 
which  was  encountered.  For  a period  of  several  hours  after  laser  turn- 
on, the  beam  always  dropped.  This  happened  both  at  day  and  at  night, 

Ihe  sink  rate  was  initially  quite  large,  approximately  12  cm/5  minutes. 
After  four  or  five  hours  the  beam  stabilized,  and  then  reversed  directions. 
The  upward  drift  rate  was  slow  and  was  never  observed  for  more  tljan  eight 
hours  after  tum-on.  No  lateral  drift  was  ever  observed. 
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Oveizml^ht  the  alignment  was  always  left  at  Its  last  In-wlndow 
position.  Normally  this  was  the  raised  position  associated  with  the  warm 
laser.  Each  morning  when  the  laser  was  turned  on,  the  beam  Initially  was 
high.  Apparently  the  alignment  had  returned  to  the  cold  laser  position. 

Hie  reason  for  the  beam  drift  was  not  discovered.  Hie  most  likely 
cause  was  heat  deformation  of  Interior  ojitlcal  components  of  the  laser. 

An  attempt  to  cure  a less  likely  cause,  movement  of  the  table  mount, 
was  made  by  attaching  a counterweight  to  the  rear  of  the  plexiglass, 
laser  suppoirt.  This  attempt  was  not  successful. 

The  beam  drift  was  annoying,  but  transmission  measurements  could 
still  be  made.  The  target  mirror  was  clamped  to  a moveable  table  and 
was  repositioned  within  the  penthovise  room  to  catch  the  beam.  Movement 
of  the  detector  was  also  required. 


Test  Run  Erocedures 

Bach  test  run  was  accomplished  by  completing  a standard  set  of 
operating  procedures.  The  separate  procediiral  steps  are  described  in 
this  section. 


Warmup  Period.  All  equipment.  Including  the  #2  laser,  was  turned 
on  at  the  start  of  each  day.  A minimum  of  one  hour  warmup  proceeded 
the  first  test  run.  During  this  period  the  transmitter  beam  was  not 
allowed  to  exit  the  tower. 

Reoallbratlon . Each  day  after  the  equipment  was  warm  the  #2  laser 
was  used  to  check  callbzratlon  of  the  XY  recorder.  Only  minor  adjustments 
of  the  Y scale  were  ever  required.  The  calibration  also  Included 
adjustment  of  the  zero  scale  position.  As  was  mentioned  In  the  description 
of  the  XY  recorder,  movement  of  the  zero  position  did  not  alter  the 
scale  difference  between  zero  aind  full  scale  readings. 
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Reall>aunent.  As  was  mentioned  earlier i the  laser  team  tended  to 
drift  downward  as  the  laser  warmed  up.  Therefore » It  was  necessary 
each  day  to  align  the  laser  within  the  target  window.  Final  centering 
of  the  heaja  upon  the  mirror  was  achieved  hy  moving  the  mirror.  When 
the  mirror  was  moved,  the  detector  had  to  be  repositioned  at  the  new 
focal  point. 

Weather  Observations.  Prevailing  weather  conditions  were  recorded 
at  the  time  of  each  test  run.  Recorded  data  Included  temperature,  dew 
point,  barometric  pressure,  winds,  and  visibility.  Ihe  base  weather 
shop  was  the  source  of  all  weather  data  except  prevailing  visibility. 
Estimates  of  visibility  were  made  by  observation  from  the  tower.  An 
enlarged  version  of  Figure  18  served  as  a reference  for  those  estimates. 

Transmission  Measurement.  With  the  beam  on  target  and  all  reception 
equipment  operational,  a test  run  could  be  accomplished.  Using  the 
sweep  position  of  the  recorder,  normally  a 2^  minute  sample  was  taken. 
During  the  run  the  zero  scale  position  was  established  by  blocking  for 
a short  period  the  beam  between  the  mirror  and  the  detector.  This 
technique  produced  the  same  results  as  were  obtained  by  blocking  the 
beam  at  the  transmitter. 

Percent  transmission  was  calculated  by  comparing  the  average  scale 
reading  during  the  run  to  the  standard  9 Inch  figure  for  lOOJ?  transmission. 
The  range  of  scale  readings  during  test  runs  was  never  observed  to  vary 
■ore  than  2^  from  the  mean. 


V.  Expeeclmental  Results  and  Data  Analysis 

The  equipment  on  the  range  operated  successfully.  Results  of 
preliminary  testing  have  heen  given  In  descriptions  of  equipment  and 
range  design  In  earlier  chapters.  IMs  chapter  Includes  a discussion 
of  the  transmission  measurements  which  were  made,  sind  a description 
of  the  atmospheric  turbulence  effects  which  were  observed. 

Transmission  Measurements 

Trajisndeslon  measurements  were  made  on  20  occasions  over  a period 
of  two  weeks.  A longer  period  of  testing  had  been  planned,  but  a delay 
was  encountered.  Safety  approval  for  open-air  testing  could  not  be 
obtained  until  approximateOy  two  months  after  the  study  begaui. 
Fortunately,  during  the  time  which  was  available  for  testing  a large 
varle-ty  of  weather  conditions  could  be  observed.  Test  rims  were 
completed  during  periods  when  the  visibility  ranged  from  2 km  to  18  km. 
The  results  of  the  test  r\ms  and  a description  of  prevailing  weather 
conditions  during  each  run  are  Included  In  Table  IV. 

A comparison  of  experimental  results  and  theoretical  predictions 
Is  depicted  In  Figure  19.  The  theory  behind  such  comparisons  was 
presented  under  "Aerosol  Attenuation"  In  Chapter  II . As  can  be  seen 
In  the  diagram,  the  agreement  was  good.  This  Implies  that  the  HeNe, 
low-level  attenuation  coefficients,  as  given  by  McGlatchey  and  Selby, 
were  accurate  when  applied  in  the  manner  discussed  In  Chapter  H.  The 
technique,  which  wa£  used  to  Interpolate  between  aerosol  coefficients 
for  a "clear"  and  a "hazy"  day,  provided  theoretical  predictions  which 
closely  agreed  with  test  results. 

Values  for  percent  transmission  are  assumed  to  be  correct  to  within 
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3.09^.  nils  figure  takes  Into  account  errors  associated  with  power 
fluctuations » mistakes  In  calibration » and  attenuation  changes  which 
occurred  dvirlng  the  test  run  (see  Appendix  D). 

The  major  source  of  error  during  these  experiments  was  the 
Imprecision  associated  with  prevailing  vlslblUiy  estimations. 
Observations  from  the  tower  were  the  most  reliable » but  these  estimates 
could  be  assumed  correct  only  to  within  20^.  The  short  distance 
estimates  were  the  most  accurate.  Ihls  was  fortunate  since  the  rate 
of  change  of  attenuation  coefficients  was  most  rapid  under  reduced 
visibility  conditions. 

Turbulence  Effects 

Each  of  the  turbulence  effects  mentioned  In  Chapter  H was  observed 
during  test  runs.  These  Included  spot  dancing,  beam  spreading.  Image 
dancing,  and  scintillation.  Because  the  mirror  surface  was  much 
larger  than  the  projected  beam,  turbulence  had  little  or  no  effect 
upon  transmission  measurements. 

Snot  Dancing.  The  amount  of  spot  dancing  which  was  observed  varied 
from  less  than  1 cm  under  non-turbulent  conditions  to  approximately  5 caa 
dxnrlng  strong  turbvilence.  Due  to  the  amount  of  scintillation  normally 
present,  accurate  measurement  of  the  amount  of  spot  dancing  was  not 
easily  accomplished. 

Beam  Spreading.  The  diameter  of  the  laser  spot  upon  the  target 
plane  was  constantly  changing.  The  rate  and  magnitude  of  the  changes 
was  directly  related  to  the  ajoount  of  turbulence  present.  During  strong 
turbulence  beam  diameter  fluctuated  by  as  much  as  30^.  During  calm 
conditions  only  minor  spreading  was  apparent. 
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Image  Dancing.  A small  amount  of  Image  dancing  was  observed.  Hie 


focused  spot  moved  less  than  1 millimeter  upon  the  detector  under  the 

worst  conditions.  Hils  movement  had  no  effect  upon  measurements  taken 

with  the  Coherent  Radiation  detector y which  had  a sensitive  sinrface  of 
2 

over  1 cm  . Hiere  was,  however)  too  much  movement  to  permit  the  use  at 
the  receiver  of  the  photodiode  detector,  which  had  a smaller  surface  area. 

Scintillation.  Image  breakup,  due  to  scintillation,  was  always 
present  to  some  degree  during  test  runs.  The  effect  produced  constant 
movement  of  bright  and  dark  areas  within  the  projected  spot.  During 
calm  conditions  the  observed  intensily  pattern  closely  resembled 
photograph  (a)  of  Figure  6.  During  strong  turbulence  the  pattern  looked 
much  like  (b)  of  Figure  6 (page  25) • 
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VI.  Conclusions  and  Recommendations 


( ) 


Hie  purpose  of  this  research  was  to  establish  an  optical  range 
and  use  It  to  study  atmospheric  attenuation  of  laser  radiation.  The 
range  was  set  up  In  Area  B of  Wright  I^tterson  AFB,  Ohio.  The  length 
of  the  open-air  course  was  1.23  Iaa»  and  the  average  height  above  the 
ground  was  30  meters.  Initial  testing  was  completed  using  a HeNe  laser. 
Eventually  other  lasers.  In  particular  the  CO^  laser,  will  be  tested 
on  this,  or  a slmlUar  range. 

Conclusions 

Atmospheric  attenuation  of  a low  powered  HeNe  laser  beam  was 
examined  both  theoretically  and  experimentally.  Experimental  results 
were  limited,  but  useful  Information  could  be  extracted  from  the  data. 
Close  agreement  was  found  between  experimental  results  and  theoretical 
predictions.  Ihe  theoretical  predictions  were  based  on  Interpolation 
between  aerosol  attenuation  coefficients  as  given  by  McClatchey  and 
Selby  for  two  visibility  models  (Ref  9)('Ib,ble  l). 

Hie  effects  of  atmospheric  tvcrbulence  upon  laser  propagation  were 
also  examined.  During  this  stage  of  testing  ein  attempt  was  mad**  to 
minimize  the  effect  tinrbulence  had  upon  test  results.  Hie  conclusion 
of  a theoretical  study  was  that  by  using  a receiver  several  times 
larger  than  the  expected  beam  size  at  the  target,  it  would  be  possible  to 
acoos^Ush  this  reduction.  The  prediction  proved  true  during  test  runs. 
In  later  experiments,  more  time  will  possibly  be  devoted  to  study  of 
the  effect  turbulence  has  upon  laser  propagation.  If  the  receiver  in 
future  tests  Is  smaller  than  the  target  spot  size,  turbulence  may  have 
a great  effect  upon  observed  transmission  measurements. 
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ReconunencLatlons 


In  the  limited  number  of  test  samples  which  were  taken « observed 
attenuation  of  HeNe  radiation  was  of  the  expected  nagnltude.  Atteniiatlon 
predictions  for  lasers  operating  In  the  Infra-red  portion  of  the  spectnuDf 
however,  meiy  not  prove  to  be  as  reliable.  Other  lasers,  particularly  the 
COg  laser,  need  to  be  tested  under  a variety  of  well  documented  weather 
conditions. 

Concurrent  Testing.  An  Ideal  arrangement  would  be  to  conduct 
concurrent  testing  of  a COg  laser  and  a lag  laser.  Theoretically  the 
COg  laser  radiation  shoizld  be  less  effected  by  low  visibility.  Conc\irrent 
testing  would  permit  direct  comparison  of  the  two  lasers  under  a variety 
of  weather  conditions. 

Visibility  Meetsurements.  During  initial  test  runs,  estimates  of 
prevailing  visibility  were  made  by  observation  of  local  leindmarks  from 
the  tower  of  Building  620.  These  estimations  played  an  Important  role 
In  the  Interpretation  of  test  data.  In  later  tests  a more  objective 
method  of  measvcrlng  visibility  should  be  found.  Possibly  an  Instrument 
for  meeusurlng  visibility  will  be  operational  In  the  tower  of  Bviilding 
620  prior  to  future  experimentation.  Also,  consideration  should  be 
given  to  the  Idea  of  concurrently  operating  a HeNe  laser  as  a transmission 
reference  In  the  visible  portion  of  the  light  spectnun. 

Future  Test  Approval.  An  approval  must  be  obtained  for  each  laser 
which  Is  to  be  tested.  Due  to  the  delay  that  can  be  expected,  a request 
for  approval  should  be  submitted  at  least  six  months  prior  to  the  desired 
test  date.  The  test  designer  should  be  aware  that  restrictions  will 
probably  be  placed  on  the  size  and  type  of  laser  which  can  be  used,  and 
on  the  operating  procedinres  that  must  be  followed  during  experimentation. 
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Joint  Research  Pro.iect.  If  this  research  is  continued  ty  AFIT,  It 
vould  he  advisable  to  have  the  project  shared  by  at  least  two  students. 
Operation  of  the  range  cannot  be  efficiently  accomplished  by  one  stxidentp 
since  personnel  are  required  at  each  end  of  the  range.  Another 
alternative  would  be  to  assign  a student  to  an  ongoing  research  effort 
supported  by  other  base  organizations. 
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Appendix  A 


Standard  Operatliy;  Procedures  (SOP)  for  Outdoor  Tfestlm;  of  Open-Air  Lasers 
Prior  to  Turn  On 

1.  All  personnel  will  be  fanlllar  with  the  following} 

(a)  AFM  161-32  (Revised'' 

(b)  AFM  127-101 

(c)  AFR  l6l-2h 

(d)  T.O.  00-25-24? 

(e)  General  safety  precautions  which  eure  to  be  followed 

2.  Manufacturer's  operating  procedures  of  the  specific  laser  being  xised 
will  be  reviewed. 

3<  All  personnel  will  be  made  aware  of  existing  electrical  hazards. 

4.  ShSED  calciilatlons  for  the  test  laser  will  be  completed  In  accordance 
with  AFM  161-32  (Revised). 

5.  The  beajB  path  shoiU.d  be  line  of  sight  clear.  A vertical  profile  of 
the  path  of  the  laser  beam  will  be  drawn  to  Insure  clear  line  of  sight. 

The  bean  will  originate  and  end  within  a secured  area. 

6.  Arrangements  will  be  made  for  proper  termination  of  the  besuiit  making 
sure  that  no  specular  reflections  will  occur. 

?«  All  personnel  will  wear  correct  aye  protection  for  the  laser  being 

used. 

8.  If  the  laser  malfunctions  or  Is  move  accidently  • It  will  be  turned  off 
immediately  and  the  remaining  personnel  Informed  of  the  problem. 

9*  During  communication  between  test  sites*  proper  RTO  procedures  will 
be  followed. 

10.  Besides  having  a person  In  charge  of  the  experiment*  a Safety  Officer 
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will  also  be  appointed.  He  will  have  supreme  veto  power  over  any  command 
if  an  unsafe  condition  exists.  He  will  also  watch  the  path  of  the  laser 
beam  to  see  that  it  is  clear  of  personnel. 

11.  Care  should  be  taken  to  insure  all  equipment  being  used  is  mounted 
securely. 

12.  No  less  than  two  people  will  be  with  the  laser  at  all  times. 

13*  A ivisk  will  be  constructed  In  front  of  the  laser  with  a hole  cut  out 
to  limit  the  angle  of  travel  if  the  laser  should  be  accidently  bumped  or 
Jolted. 

14.  To  provide  a controlled  area,  laser  vzmaing  signs  will  be  placed  in 
the  following  positions!  (a)  on  the  Inside  of  the  stairway  door, 

(b)  on  the  Inside  of  the  elevator  door. 

15*  A set  of  Operating  Instructions  will  be  written  for  every  test  or 
series  of  tests  to  be  conducted.  Included  will  be  the  following i 

(a)  This  SOP 

(b)  Drawings,  charts,  and  calculations  with  stated  assumptions 
(e)  Hours  of  operation 

(d)  List  of  persons  in  charge 

(e)  A Total  Hazard  Analysis  containing,  but  not  limited  to, 
assessment  of  possible  electrical  and  physical  hazards. 

16.  Coordination  through  the  following  offices  will  be  initiated  before 
commencing  tests t 

(a)  Laboratory  Safety  Administrator,  AFaViss-I 

(b)  AFVAl/SE  ' 

(o)  tED  CEN/SGFB 

(d)  2750tVSBG 
(•)  2750tV0T 
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Vritten  operating  instructions  will  be  sent  to  each  of  the  listed 


offices  for  coordination  with  approval  coming  from  2730tVcC. 
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Turn  On  Procedures 

1*  When  the  laser  Is  set  up  and  ready  to  be  turned  on»  all  personnel  In 
the  test  site  will  be  notified.  The  laser  will  be  turned  on  after  this 
notification  has  been  acknowledged. 

2.  Initial  alignment  of  the  HeNe  laser  will  be  accomplished  with  the  aid 
of  a person  In  the  penthouse  of  Building  22B.  This  person  will  be  In 
telephone  communication  with  the  transmitting  site. 

3*  Penthouse  personnel  will  not  look  directly  back  at  the  output  of  the 
laser  with  the  naked  eye. 

Turn  Off  Rcocedxires 

1.  The  laser  will  be  turned  off  in  accordance  with  the  nanufactizrer's 
operating  procedures. 

2.  All  persoimel  will  acknowledge  the  laser  has  been  turned  off. 

3.  If  terminating  test  for  the  dayf  the  test  site  will  be  cleaned  before 
leaving. 

Ebcrosure 

If  human  exposure  to  laser  energies  greater  than  the  PEL  occurs • 
the  following  steps  will  be  taken t 

(a)  Medical  treatment  will  InaedlateTy  be  obtained 

(b)  MBC  CEN/SGB  will  be  contacted 

(o)  Information  required  for  a Nritten  report  per  APR  161-24  will 
be  obtained 
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Ylaltors  are  AFAL  or  APIT  personnel  who  are  not  partlolpatlng  in  or 
dlzeotly  involved  with  the  experisent  being  conducted.  Visitors  wiU 
oosply  with  the  followings 

(a)  Be  v«:bal3y  briefed  on  what  they  are  about  to  witness  and 
alerted  to  all  potential  dangers 

(b)  Read  the  SOP 

(c)  Wear  proper  eye  protection  for  the  laser  being  used 

(d)  Be  subject  to  the  same  regulations  and  SOP  as  the  operators 

(e)  Not  be  allowed  to  operate  the  laser 


Appendix  B 


Badiatlon  Hazard  Evaluation  For  HeWa  Taytr- 


SEED  Calculations  (Ref  l) 

(a)  Tine  Unltatlon  » 8 bo:  = 2.88  X 10^  sec 

(b)  Laser  Power  « 2 X lO”^  watts 

(e)  Beam  Diameter  = 3 

(d)  Beam  Divergence  s 3 x 10**'^  radians 

(e)  Effective  Energy  = Q e (2nw)(2.88  X lO^sec) (n/4) ( . 7om)^ 

(V^)(3  cmf 

(f)  Badlant  Exposure  = H = Q (n/4  (.7cm)^)“^  = 8.14  j/cm^ 

(g)  Ocular  MPE  = I7.58  X t X 10*^  = .506  j/cm^ 

(h)  Skin  MPE  = 0.2  t = 5.76  X 10^  j/cm^ 


= 3.13  j 


(I)  Ocular  SEED 

(J)  Skin  SEED  a 


i . 


3 cm 


/ 3 X 10“^  rad  = -6.4  X 1(?  meters 


^T1‘MPE| 

0 meters  (H  less  than  Skin  MPE) 


Ibe  energy  density  calcnilatlons  for  the  HeNe  laser » which  are  given 
above f show  that  for  the  worst-case  condition  of  continuous  eight  hour 
operatlont  both  the  ocular  SEED  and  the  skin  SEED  are  0 meters.  Thus 
the  laser  radiation  hazard  Is  negligible  everywhere. 


Appendix  C 


Radiation  Hazard  Evaluations  For  00^  Lasers 


3SED  Calculations  for  Noncolllanated  Beaua  (Ref  1' 


(a)  Tlae  Llaltatlon  « 8 hr  s 2.88  X 10^  sec 

(b)  Laser  Power  & 5 watts 
(o)  Beaa  Dlajoeter  * 0.5  cm 

(d)  Beaa  Divergence  s 3*5  X 10*^  radians 

(e)  Effective  Energy  » Q “ (5  watts) (2. 88  X lO^sec)  = 1,44  X 10^  j 

(f)  Occular  and  Skin  MBS  = 0.1  X t s 2.88  X 10^  j/cn^ 

(g)  Occular  and  Skin  SEED  = I?  4 Q - .5cm1  / 3,5  X 10"^rad  = 21.4  m 

^^TMPE' 


fflggn  Calculations  for  Collimated  Beaa  (Ref  1) 

(a)  Tlae  Llaltatlon  « 2.88  X 10^  sec 

(b)  Laser  Power  «>  5 watts 
(o)  Beaa  Dlaaeter  « 5 ea 

(d)  Beaa  Divergence  - « IX  10*^  radians 

(e)  Effective  Energy  ■ Q » (5w)(t)  (n/k)(.7)^  • 2.82  X 10^  j 

(«/4)(5  f 

(f)  Occular  and  Skin  MFE  - 0.1  X t - 2.88  X 1(P  j/ca^ 

(g)  Occular  and  Skin  SEED  ^ 4 Q - 5 cal  / 1 X lo’^rad  » -3.88  X lO^a 


Qy  - 5 cal  / I 
ItMPS' 
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The  equation  for  calciilatlng  percent  transmission  1st 

%T  = a/h  (13) 

where t a = 4 to  8 Inches  ±0.2  Inches  (XY  Plotter  Scale  Deflection) 
b = 9.0  ± 0.2  Inches  (Full  Scale  Deflection) 

Ihe  equation  for  calculating  the  standard  deviation  In  transmission 
measurements  1st 

S^.  = (^T)C(S^/a)2  + (syb)2}^/2  (14) 

For  %T  = 905f 

= (.90)C(.2/8.1)2  + (.2/9.0)^}^/^  = 2.8^ 

For  JJT  = 40J6 

= (.'K))|(. 2/3.6)^  ♦ (.2/9.0)^]^/^  = ZM 

u 

whoret 

S.  Includes t 

a 

Scale  variation  during  2|  minute  run  » ±0.2  Inches 


Includes t 

XY  Plotter  Linearity  = ± 0.1^8  (p33) 

#l/#2  Laser  Power  Ratios  = ± 0.2JC  (p38) 

Max  Recal.  Adjustment 

Using  #2  Laser  = ± l.l^t  = .l/9  In  (p39) 

Max  Recal.  Adjustment 

Using  #1  Laser  = ± 0.lt%  (p39) 


Tbtal  = ± 1.8^  or  0.2  Inches  on  9.0  scale 


n 
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